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Abstract — A transmission screen with subwavelength slo 
described which can focus electromagnetic radiation to a 
dimensional subwavelength spot. Unlike negative-refractive-ii 
focusing implementations, this "meta-screen" does not si 
from image degradation when losses are introduced and is e 
scalable from microwave to Terahertz frequencies and bey 
The slotted geometry is designed using a theory of sh 
beams to determine the necessary weighting factors for each 
element, which are then converted to appropriate slot dimens] 
The screen was designed using a pair of rotated orthog 
focusing axes to produce a spot on a focal plane located 
away. Full-wave simulations are corroborated by experimt 
measurements at 10 GHz reporting a full-width half-maxir 
beam width of 0.27A along the x-axis and 0.38A along the z- 



Index Terms — Diffraction limit, near-field focusing, metan 
rials. 



I. Introduction 

The biggest obstacle to developing high-resolution ima 
systems has been the diffraction limit. Electromagnetic fi 
scattering off an object are composed of a rich spectrur 
propagation vectors. The high transverse spatial frequ( 
components corresponding to the finer details of the ol 
cannot propagate very far into space and attenuate rap 
The loss of these evanescent waves outside the near fiel 
the object leads to a loss in image resolution of details b( 
the order of a wavelength. The field of near-field optical 
croscopy emerged in 1972 to overcome this effect by pla 
tiny apertures extremely close to the object to be imaged Q 
El. This exploited the strong contribution of evanescent 
components, but high attenuation and precise probe pi 
ments increased the cost and complexity of this techni 
When J. B. Pendry proposed the "perfect lens" in 2000, 
field of negative-refractive-index metamaterials providec 
alternative method to achieve subwavelength focusing thrc 
the amplification of evanescent field components | 3 1. Althc 
this technique was successfully demonstrated in planar \ 
|4| and in the quasi-static limit O, O, Q, the presence of 
heavily degraded the image quality. An alternative appn 
was through the plane-wave expansion of aperture fields 
direct integration leading to near-field plate implementat 
(811 and holographic concepts leading to transmission sen 
191 . A conceptually different way to synthesize such struct 
using the principle of spatially shifted beams was introduce 

The authors are with the Edward S. Rogers Sr. Department of Electrica 
Computer Engineering, University of Toronto, 40 St. George Street, Toi 
Ontario, M5S 3G4, Canada (e-mail: gelefth@ waves. utoronto.ca). 

Color versions of one or more of the figures in this letter are avai 
online at |http://ieeexplore.ieee.org | 
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Fig. 1. (a) The geometry of the slotted meta-screen showing the numbering 
of the slots from one to five. The slots are arranged along orthogonal focusing 
axes with their centers equidistant from the origin to provide two-dimensional 
focusing, (b) The meta-screen orientation with respect to the incident field. 
The electric field is polarized along the x-direction with the focal plane parallel 
to the screen but separated by a distance d. 



ifTOl for one-dimensional focusing. In this Letter, the shifted- 
beam approach is extended to two-dimensions, leading to the 
development of a meta-screen that can focus an incident wave 
to a two-dimensional spot. With the focal plane pushed back to 
a distance of 0.25 A away from the screen, this structure shows 
a marked improvement over the one-dimensional focusing 
structures presented in (H, (H, ifTOl . Composed of an array of 
slot antennas, the screen does not suffer from focal degradation 
due to losses and is scalable from microwave to Terahertz 
frequencies and beyond. 

II. Theoretical Development 

The field pattern produced by an array of elements can be 
analyzed by superposing the field patterns of each individual 
element. In the far field, this pattern can be separated into the 
pattern of an identical element located at the origin together 
with a phase correction factor that accounts for the element's 
actual position. In the near field, however, this "array factor" 
does not appear, and the field distribution is not shifted in 
phase but in space. This near-field property of spatially shifted 
beams can be utilized to synthesize field distributions such 
as subwavelength focal spots by appropriately weighting the 
shifted beams produced by closely spaced array elements and 
considering their superposition. 
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If Ex{x^y^z) is the transverse electric field produced by a 
single z-directed slot element at the origin, then the fields in 
the near- and far-field regions produced by a slot shifted to a 
new location on the xz-plane (xq, zq) would be given by ([Tab 
and ([Tbb , respectively. Superposing the near-field contributions 
from N elements, each located at (x^, Zn) and weighted by a 
complex constant factor Wn, produces a total field described 
by Q. The vector representation condenses the fields from 
each element into an TV-element row vector and the weights 
associated with each slot into an A/^-element column vector. 



N 



Ex,total{x,z) = ^WnEx{x - Xn,y,Z - Zn) 
n=l 
N 

^WnEx^n{x,z) =E^-W (2) 



Given a target field distribution f{x,z), the objective is to 
choose optimal weights Wopt such that Ex(x,z) • Wopt ~ 
f{x^z). By multiplying both sides of the approximation by 
E*^^{x^z) and integrating over x and z for all m, a set of TV 
independent equations is created. This can be recognized as a 
method of moments field expansion using the individual ele- 
ment current distributions as basis functions and field patterns 
as testing functions. Discretizing Ex^ni^jz) and f{x^z) over 
X and z and writing them as the column vectors in A and b, 
respectively, the optimal weights can be calculated using ©. 



Wopt = (A^A) 



(3) 



One-dimensional focusing has been demonstrated using an 
array of three slots spaced by A/ 10 1 10] but a direct extension 
to two-dimensions could not be applied without causing the 
half wavelength slots to overlap longitudinally. By rotating 
the focal axes slightly, however, as illustrated in Fig. [T^, a 
geometry was found that still permits tight slot spacings. The 
centers of the four satellite slots are located in the xz-plane 
at (-0.20A,-0.05A), (-0.05A, 0.20A), (0.05A, -0.20A), and 
(0.20A,0.05A). 

III. Full-wave Simulations 

The optimal weights were calculated using ([3]) for a focal 
plane 0.25 A away from the screen and a target Gaussian distri- 
bution with a full-width half-maximum (FWHM) beam width 
of 0.2 A. Normalized with respect to the central slot weighting 
factor, the weights of the satellite slots were calculated to be 
wi = = 0.271/170.2° for the slots along the x-directed 
focal axis and W2 = = 0.306/173.5° for the slots along 
the z-directed focal axis. Full- wave simulations using Ansoft's 
HFSS of very thin slots fed by voltage sources confirmed the 
theoretical results. 

To perform experimental verification of the focusing array, 
plane-wave incidence was considered. The alternating signs 
of the weights were implemented by lengthening the central 
slot to make it capacitive and shortening the satellite slots 
to make them inductive. The mutual coupling between the 
closely spaced slots caused them to resonate strongly and 
contributed to the lowered amplitude of the fields produced 
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Fig. 2. Full- wave simulations of the electric field magnitude emanating 
from the meta-screen under plane wave excitation. The fields are normalized 
transverse to the y-axis at every y position to highlight the profile of the beam 
as it progresses away from the screen. The xy-plane is shown in (a) with the 
zy-plane in (b). The thinner black contour indicates the FWHM beam width 
of the focused beam while the thick white contour indicates the FWHM beam 
width of a single slot. 



from the satellite slots. The complete 5x5 admittance matrix 
was calculated using self and mutual admittance equations ifTTIl 
for a variety of slot lengths while the induced slot currents 
were determined by integrating the assumed magnetic current 
distribution over the incident field. The lengths corresponding 
closely to the optimal weights were optimized through sim- 
ulations using the Multiradius Bridge Current software that 
implements a thin-wire formulation of the electromagnetic 
moment method [12J. The final set of lengths was determined 
to be Li = L5 = 0.330A, ^2 = ^4 = 0.415A, and 
L3 = 0.6075A with the widths all set to O.OIA. These 
dimensions were successfully verified in HFSS to produce a 
subwavelength focal spot. The field profile as it progresses 
away from the screen is shown in Fig. O 

IV. Experimental Results 

The meta-screen was fabricated from a sheet of 2 mil 
stainless steel cut using a laser with a cutting accuracy of 
5 /im. At 10 GHz, the slot dimensions are 9.9 mm x 0.3 
mm, 12.45 mm x 0.3 mm, and 18.225 mm x 0.3 mm 
with the centers of the satellite slots spaced 6 mm x 1.5 
mm away from the center of the central slot. A plane wave 
excitation was produced by collimating the beam from an 
X-band horn antenna through a Rexolite biconvex lens and 
placing the screen at the Gaussian beam waist. An Agilent 
E8364B network analyzer was used to collect the field data 
by recording the transmission scattering parameters between 
the horn antenna and a co-axial cable probe whose exposed 
inner conductor was bent 90 degrees to form a miniature dipole 
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Fig. 3. Experimental measurements of the electric field at 10 GHz over 
a plane 7.5 mm away from the screen. The thin blue contours are spaced at 
10% intervals from 10% to 90% of the peak magnitude while the thicker blue 
oval contour represents the FWHM focal spot. The thick red round contour 
represents the FWHM focal spot of the diffraction limited beam produced by 
a single slot. Asymmetries in the measured field profile were exacerbated by 
the asymmetric coupling between the probe antenna and the slots (see inset). 

receiver antenna (see Fig. [5] inset). A high-precision custom 
built XYZ-stage from Newmark Systems positioned the probe 
to collect the transverse electric field data on a plane 7.5 mm 
above the surface of the screen. 

The meta- screen field measurements were compared to the 
field produced by a single slot, which has broadened to the 
diffraction limit at a distance of A/4, and to the background 
field measured with the screen removed. The peak field 
magnitude from the single slot was 7.8 dB lower than the 
background field while the focused beam peak magnitude was 
15.4 dB lower than the background field. The focused FWHM 
beam widths relative to the single- slot beam widths were 
measured to be 0.463 along the x-axis (0.271A) and 0.643 
along the z-axis (0.385A). Fig. [4] presents the analytical pre- 
dictions together with the simulation results and experimental 
measurements. The close agreement between the simulation 
data, in which losses were not taken into account, and the 
measurement data indicates that the performance of the meta- 
screen is not affected by the introduction of losses. 

V. Conclusion 

In summary, a meta- screen was designed to produce a two- 
dimensional sub wavelength focal spot 0.25 A away from the 
screen in response to a plane wave excitation. A shifted- 
beam approach to near-field focusing was used to develop the 
structure out of an array of closely spaced slot antennas. The 
element field patterns were weighted out-of-phase by changing 
the lengths of the slots so they would resonate together. 
Full-wave simulations were performed to verify the focusing 
behavior followed by confirmation through experimental mea- 
surements at 10 GHz. The advantages of the meta-screen over 
alternative implementations relate primarily to its simplicity, 
which allows it to be easily scaled in frequency and to be 
resistant to focal degradation in the presence of losses. 
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Fig. 4. A comparison of the field profiles along the x-axis (a) and the z- 
axis (b). Measured data is plotted alongside full- wave simulation data and 
analytical predictions, with the diffraction limited beam from a single slot 
given for comparison. The focal plane of the analytic and simulation data 
was moved to 0.28 A so the single-slot data would be consistent with the 
measurements. 
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